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Abstrat
The two Higgs doublet model for the top (T2HDM) is a model with two salar doublets in
whih the top quark reeives a speial status. The speial status of the top is manifest in the
Yukawa potential, by oupling it to the seond Higgs doublet, while all other quarks ouple to
the rst Higgs doublet. The working assumption of the model is that the vauum expetation
value (VEV) of the seond Higgs (v2) is muh larger than the rst Higgs VEV (v1), so that the
top reeives a muh larger mass than all other quarks in a natural manner, and tan β ≡ v2/v1
is large. In addition, these Yukawa ouplings generate potentially enhaned avor-hanging
(FC) interations, both in the harged and the neutral setors. These interations an greatly
enhane FC deays suh as t→ ch and h→ t¯c.
In this work we expliitly (and independently) derive the Yukawa and Higgs potential of the
T2HDM, obtaining the salar to quarks and triple salar interations Feynman rules. We
alulate the branhing ratio (BR) of the one-loop and tree-level rare FC deays t → ch and
h→ t¯c in the T2HDM. We explore the BR within the parameter spae of the T2HDM, fousing
on regions in whih BR (t→ ch) and BR (h→ t¯c) in the T2HDM an be enhaned ompared
to these BR's in the standard model (SM) and two Higgs doublet models (2HDM) of types I
and II. We nd that the BR of the rare deays t → ch and h → t¯c an be enhaned by many
orders of magnitude in the T2HDM ompared to the BR in the SM and in the 2HDM-I,II,
espeially in regions of the parameter spae where the deays are dominated by dynamis of
the neutral salar setor.
The BR (t→ ch) an be measured in the upoming Large Hadron Collider (LHC), if its value is
above ∼ 5×10−5 whih is the disovery threshold of the LHC. We nd that the BR (t→ ch) an
exeed the LHC threshold in ertain regions of the parameter spae of the T2HDM, reahing
up to ∼ 10−4 . Moreover, we nd that the BR (h→ t¯c) in the T2HDM an exeed ∼ 10−4.
Disovering these proesses at the LHC will show a lear indiation of new physis beyond the
standard model, and will partiularly motivate the speial dynamis of the T2HDM setup.
Chapter 1
Introdution
The standard model (SM) of elementary partiles has been highly suessful in desribing
observed and measured phenomena. It ontains, however, an unexplored setor, namely, the
Higgs setor. The SM also has several problems, one of whih is the quark mass hierarhy
problem, espeially the top quark having a muh larger mass than all other quarks.
In its minimal form the SM Higgs setor is omprised of one Higgs doublet, but that is not
neessarily the ase. Non minimal extensions of the Higgs setor an desribe the same observed
phenomena, and predit additional phenomena, whih are as yet unobserved, but not ruled out.
This work will desribe one suh extension of the SM  the two-Higgs doublet model for the
top (T2HDM). The T2HDM features partiular Yukawa ouplings whereby the top quark
reeives a speial status. This partiular Yukawa struture also gives rise to potentially large
avor-hanging (FC) ouplings in the up-quark setor.
In this work we will expliitly (and independently) derive the Yukawa potential of the model,
though it has been shown elsewhere [1, 2℄.
The FC rare deays t → ch and h → t¯c have a very low branhing ratio (BR) in the SM,
of ∼ 10−13 [3, 4℄. This low BR makes these deays extremely sensitive to new physis in the
salar setor. In this work we will explore the BR of the FC rare deays t → ch and h → t¯c
in the parameter spae of the T2HDM, at the 1-loop level (we adhere in this work to the
t'Hooft Feynman gauge) and at the tree-level order. We will fous on regions of the parameter
spae in whih the BR (t→ ch) an exeed the detetion limit of the upoming large hadron
ollider (LHC), and also on regions where the BR (t→ ch) and BR (h→ t¯c) an be enhaned
signiantly ompared to other two Higgs doublet models (2HDM).
1.1 The two Higgs doublets model
The minimal extension of the SM is the two Higgs doublet model (2HDM). A omprehensive
review of the priniples of the 2HDM an be found in [5℄. Basially, the model is omprised of
two Higgs doublets, Φ1 and Φ2. They usually obey disrete symmetries, whose aim is to dene
the Yukawa terms, and whih divide them into several types. The 3 most ommon types are:
type I, where Φ2 ouples to all quarks, and Φ1 does not ouple to quarks; type II, where Φ1
ouples to down quarks, and Φ2 ouples to up quarks; type III, whih denotes a general ase
in whih both Φ1 and Φ2 ouple to all quarks.
The type II 2HDM desribes the Yukawa struture of the minimal supersymmetri standard
model (MSSM), and is therefore of partiular interest in the literature.
Several properties are ommon to all types of 2HDM. All feature additional physial salars:
initially there are two omplex doublets, hene 8 (2×4) degrees of freedom, and the eletroweak
breaking absorbs 3. We are therefore left with 5 degrees of freedom whih are equivalent to 5
physial salars, plus the 3 (unphysial) Goldstone bosons whih are present also in the minimal
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SM, and whih are eaten by the gauge bosons. The omponents of the salar doublets mix to
produe the mass eigenstates. They are denoted as follows: h0, H0  CP-even neutral salars,
A0  CP-odd neutral salar, G0  neutral (unphysial) Goldstone boson, H±  harged salars,
G±  harged (unphysial) Goldstone bosons. The mixing onserves the symmetries of the
theory: the mass matrix does not mix salars with dierent harges, and in CP onserving
theories there is no mixing between CP-even and CP-odd salars.
1.2 The two Higgs doublets model "for the top"
The 2HDM "for the top" (T2HDM) was rst introdued by Das and Kao [1℄ as an eetive
approah for providing the top its mass in a natural way. They proposed a 2HDM in whih
the seond Higgs eld ouples only to the top, while the rst Higgs eld ouples to all other
quarks.
The hoie of the oupling an be expressed also in terms of a disrete symmetry imposed on
the Lagrangian [1℄, under whih the elds transform as follows:
Φ1 → −Φ1, dR → −dR, uR → −uR (u = u, c),
Φ2 → +Φ2, QL → +QL, tR → +tR (1.1)
where: Φi are the Higgs elds, (u, c, t)R are the right-handed SU(2) singlet up-type quarks,
dR = (d, s, b)R are the down-type right-handed quarks, and QL is the left-handed SU(2) quark
doublet. The disrete symmetry (1.1) produes the Yukawa ouplings of the T2HDM, desribed
below. This disrete symmetry is softly broken by the λ5 term of (2.2) as disussed in [6℄.
With these Yukawa ouplings, the top gets its mass primarily from the seond Higgs vauum
expetation value (VEV), whih we will hoose to be muh larger than the rst Higgs VEV:
v2
v1
≫ 1. (1.2)
This is the working assumption of the T2HDM.
This partiular Yukawa oupling an also give rise to large FC interations, as we shall later
show.
Distint features of the T2HDM are:
• The H+c¯b vertex is enhaned by the ratio of CKM matrix elements Vtb/Vcb ompared to
other 2HDM's. This property motivated our work, as well as the analysis in [7, 8℄.
• There are tree-level FC interations in the up-quark setor; but there are no tree-level
FC interations in the down-quark setor, unlike the ase of the 2HDM-III in whih the
tree-level FC interations are both in the up and down-quark setors.
• The ouplings of the neutral salars (H0, h0, A0) to all the quarks exept for the top quark,
inrease with tan β. This property motivated the analysis in [9℄.
These points will be further elaborated upon in Se. 3.
The T2HDM ould stand on its own, although the ouplings and symmetries dened above
do not seem naturally derived. However, it ould also be viewed as an eetive low energy
realization of a more fundamental theory. Some examples are:
• An extra-dimensions senario, Randall-Sundrum like, in whih the ouplings are derived
from the loation of elds in the 5th dimension [10℄.
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• A tehniolor senario with a topolor ondensate salar having a large VEV, whih by
onstrution ouples only to the top quark [11℄.
• A non-minimal supersymmetry senario, in whih Φ1 ouples to down quarks and Φ2 to
up quarks, but the ouplings for uR, cR are very small, and get most of their value from
loop orretions.
1.3 Rare proesses and the t→ ch and h→ t¯c rare deays
Rare deays are a sensitive probe for new physis [12℄. Suh deays are dened as rare beause
in the SM they are subjet to a suppression mehanism, whih an be either highly eetive
anellations, suh as the GIM mehanism, or the onservation of a fundamental symmetry,
suh as lepton number.
New physis models may greatly enhane suh proesses, by working around the suppression
mehanism. For example, the proess µ→ eγ whih is forbidden by lepton avor onservation,
an be realized by relaxing the symmetry in the neutrino setor (see e.g. [13℄).
In this work, we have hosen to explore the BR of the rare deays h → t¯c and t → ch in the
T2HDM, as a potential new-physis signal at the LHC. The LHC disovery limit for the t→ ch
deay proess is BR ≥ 5.8 · 10−5 [14℄ for an integrated luminosity of 100fb−1. As mentioned
before, the SM BR is about ∼ 10−13, and, therefore, unobservable at the LHC. Previous studies
[15℄ have shown that the BR (t→ ch), where h = H0, h0, A0, ould reah up to ∼ 10−4 in the
2HDM type II and in the MSSM, and about ∼ 10−6 in the 2HDM type I.
In the T2HDM the FC deays an be enhaned due to the large H+cb oupling whih is
proportional to Vtb× tan β instead of Vcb× tan β in other 2HDM's, as we shall later show. This
large oupling motivated us in alulating the BR of t→ ch.
As an aside, we will briey reall how the experimental detetion of the proess will proeed
at the LHC [14℄. At the LHC the top will be mainly produed in tt¯ pairs. One then searhes
for proesses in whih the t deays to ch, while the t¯ deays in the main b¯W−hannel. The h
is most likely to deay into bb¯ pairs when its mass is below 130 GeV, whereas above this mass
the W+W− deay hannel starts to dominate [16℄. The full proess (in the lower mass range)
will look like: gg → t t¯ → hc b¯W− → bb¯c b¯lν¯. The main bakground will ome from a similar
proess in whih the t→ bW+ → bjc (where j denotes a quark jet), and the t¯ deays as before.
In this ase a misidentiation of the jet as b¯ will result in an erroneous t → ch identiation
[14℄.
The h → t¯c deay is the omplementary proess to t → ch if mh > mt +mc. The amplitude
of the proess is equal to the amplitude of t → ch, by applying rossing symmetry [17℄, and
therefore it is subjet to the same enhanements as the t → ch proess, ompared with other
2HDM's and the SM.
1.4 Preditions and onstraints on the T2HDM
To date several rare deays and other observables have been alulated in the T2HDM:
• The eletri dipole moment (EDM) of the eletron was alulated in the T2HDM [1℄, and
the neutron EDM in [18℄, for their dependene on the CP violating mixing in the Higgs
setor. The experimental results onstrain this mixing.
• The proess b→ sγ was alulated in the T2HDM in the leading order, for its ontribution
to C7,8 [19, 20℄. By adding this result to the SM predition one an ompare the theory
to the experimental result: BR (b→ sγ) = (3.55± 0.26)× 10−4 [21℄, and derive bounds
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on the model. A predition was also given for the partial rate asymmetry of the deay,
whih is very dierent from the SM predition, and an be measured in B fatories. Newer
measurements in [21℄ seem to further restrit the additional CP violating phase in the
Yukawa setor of the T2HDM (see below).
• The meson mixings B− B¯ [22℄, K− K¯ [8℄, D− D¯ [8, 1℄ were alulated for ontributions
to the mass splittings ∆mB,K,D, ǫK of K − K¯ mixing, the ratio p/q of D − D¯ mixing.
These results further onstrain the parameter spae of the T2HDM, in a manner similar
to b → sγ, as was disussed above, ruling out dierent regions of the parameter spae
[1, 8, 22℄.
• The proess b → sl+i l−j was alulated in [23℄, and was found to onstrain the T2HDM
weakly, so that those bounds are inluded within other alulated bounds.
• The proess gq → qqq was onsidered in [9℄, where q denotes a b or c quark. It was found
that the T2HDM ross setion for this proess will be detetable at the LHC, while the
MSSM and the 2HDM type II are not expeted to have a detetable signal. Therefore if
suh a signal is observed at the LHC then it will stand out as a lear indiation in favor
of the T2HDM.
• The proess Z → bs¯ + b¯s was alulated in various models [7℄. Experimentally the BR
has a weak upper bound. It was found that the T2HDM BR for this deay is omparable
in size to the SM predited value (∼ 10−8), and to the MSSM with t˜ − c˜ mixing. In
omparison, MSSM with b˜− s˜ mixing is about two orders of magnitude higher, while the
2HDM type II is about two orders of magnitude lower.
• In a reent artile [2℄ some of the above alulations were simultaneously ombined for a t
to reent experimental data, mostly from B-fatories. The best-t values and 1σ intervals
for all the parameters in the t were alulated. As this is the most omprehensive work
onstraining the T2HDM parameters, these were the bounds used in the present work.
The rare deays t → ch and h → t¯c have not been alulated yet in the T2HDM. This work
is aimed at this alulation, with the intention of giving a predition whih will hopefully be
veriable at the LHC.
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Chapter 2
Yukawa interations in the T2HDM
In this setion we give an expliit derivation of the Feynman rules of salar-quark-quark inter-
ations in the T2HDM. We will start from the interation-basis Lagrangian, whih follows from
the symmetries imposed. We will rotate the quark elds and the salar elds to their mass
basis. Finally, we will write the Yukawa terms in the mass basis, arranged by interations, in
terms of standard parameters.
The Lagrangian density of the T2HDM Yukawa interations is of the following form [1℄:
LY = −Q¯LiΦ1FijdRj − Q¯LiΦ˜1Gij=1,2
(
u
c
)
R
− Q¯LiΦ˜2Gi3tR + h.c. , (2.1)
where: i, j = 1, 2, 3 are avour indies, L(R) ≡ (1− (+)γ5) /2 are the hiral left (right) pro-
jetion operators, fL(R) = L(R)f are left(right)-handed fermion elds, F,G are general 3 × 3
Yukawa matries, and:
Φ =
(
Φ+
v+Φ0√
2
)
, Φ˜ =
(
v∗+Φ0∗√
2
−Φ−
)
.
The Higgs potential an be generially written as (assuming CP onservation) [5℄:
LH = λ1
(
Φ+1 Φ1 − v21/2
)2
+ λ2
(
Φ+2 Φ2 − v22/2
)2
+ λ3
[(
Φ+1 Φ1 − v21/2
)
+
(
Φ+2 Φ2 − v22/2
)]2
+
+λ4
[(
Φ+1 Φ1
) (
Φ+2 Φ2
)− (Φ+1 Φ2) (Φ+2 Φ1)]+ λ5 ∣∣Φ+1 Φ2 − v1v2/2∣∣2 . (2.2)
The absene of CP violation implies that the CP-even and CP-odd Higgs mass-eigenstates do
not mix, and that the VEV's an be taken to be real without aeting the Lagrangian of the
theory [5℄.
Dropping the avor indies and dening: I
(12) = diag(1, 1, 0), I(3) = diag(0, 0, 1), the Yukawa
potential reads:
LY = −Q¯LΦ1FdR − Q¯L
(
Φ˜1GI
(12) + Φ˜2GI
(3)
)
uR + h.c. . (2.3)
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Inserting Φ, Φ˜ into the Yukawa potential and rearranging the Yukawa terms:
LY = −d¯L v1√
2
FdR − u¯Li 1√
2
(
v1GI
(12) + v2GI
(3)
)
uR − Q¯LΦ1FdR −
−Q¯L
(
Φ˜1GI
(12) + Φ˜2GI
(3)
)
uR − v
∗
2
v∗1
Q¯LiΦ˜1Gi3tR +
v∗2
v∗1
Q¯LiΦ˜1Gi3tR + h.c. =
= −d¯L v1√
2
FdR − u¯L 1√
2
(
v1GI
(12) + v2GI
(3)
)
uR − Q¯LΦ1FdR −
−Q¯L
(
Φ˜1GI
(12) +
v2
v1
Φ˜1GI
(3)
)
uR − Q¯Li
(
Φ˜2 − v2
v1
Φ˜1
)
Gi3tR + h.c. =
= −d¯L v1√
2
FdR − u¯L 1√
2
(
v1GI
(12) + v2GI
(3)
)
uR − d¯L 1√
2
Φ01FdR − u¯LΦ+1 FdR +
−u¯L 1√
2
Φ0∗1 G
(
I
(12) +
v2
v1
I
(3)
)
uR + d¯LΦ
−
1 G
(
I
(12) +
v2
v1
I
(3)
)
uR +
−u¯L 1√
2
(
Φ0∗2 −
v2
v1
Φ0∗1
)
GI(3)tR + d¯L
(
Φ−2 −
v2
v1
Φ−1
)
GI(3)tR + h.c. . (2.4)
If the Gij are of O(1), and v2 is muh larger than v1, then the eigenvalues of the matrix(
v1GI
(12) + v2GI
(3)
)
an be expanded as a series of v1/v2. After expanding to the leading order,
the mass matrix eigenvalues are: O(1) · [v1, v1, v2]. As an be seen, the top quark reeives a mass
ontribution from the seond, and larger, VEV, while the up and harm reeive their masses
from the rst VEV.
Rotating to the quark mass basis, we dene: dL,R → DL,RdL,R, uL,R → UL,RuL,R, suh that:
Md ≡ v1√
2
D†LFDR = diag (md, ms, mb) ,
Mu ≡ U †L
1√
2
(
v1GI
(12) + v2GI
(3)
)
UR = diag (mu, mc, mt) . (2.5)
We dene the CKM matrix: VCKM ≡ U †LDL, V †CKM ≡ D†LUL (we will heneforward drop the
subsript CKM when referring to the CKM matrix), and a new mixing matrix for the up-quarks:
Σ ≡MuU †RI(3)UR, (2.6)
as was originally dened in [1℄.
The matrix UR an be generally parametrized by multiplying 3 rotation matries [8℄. Dening
3 rotation angles: α12 = φ, α23 = sin
−1 (ǫctξ) and α13 = sin−1 (ǫctξ′), where ǫct ≡ mcmt , and ξ, ξ′
are parameters naturally of O(1), and ξ ≡ |ξ|iϕξ , we get:
UR =

 cos φ − sin φ 0sinφ cosφ 0
0 0 1




1 0 0
0
√
1− |ǫctξ|2 −ǫctξ∗
0 ǫctξ
√
1− |ǫctξ|2




√
1− |ǫctξ′|2 0 −ǫctξ′∗
0 1 0
ǫctξ
′ 0
√
1− |ǫctξ′|2

 =
=


∗ ∗ ∗
∗ ∗ ∗
ǫctξ
′
√
1− |ǫctξ|2 ǫctξ
√
1− |ǫctξ|2
√
1− |ǫctξ′|2

 , (2.7)
where the asterisks (∗) denote terms whih are not relevant for our alulations to follow.
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Using Eq. (2.7) we an now write the Σ matrix:
Σ
mt
=


mu
mt
ǫ2ct |ξ′|2
(
1− |ǫctξ|2
)
mu
mt
ǫ2ctξ
′∗ξ
√
1− |ǫctξ|2 mumt ǫctξ′∗
(
1− |ǫctξ|2
)√
1− |ǫctξ′|2
ǫ3ctξ
∗ξ′
√
1− |ǫctξ|2 ǫ3ct |ξ|2 ǫ2ctξ∗
√
1− |ǫctξ|2
√
1− |ǫctξ′|2
ǫctξ
′
(
1− |ǫctξ|2
)√
1− |ǫctξ′|2 ǫctξ
√
1− |ǫctξ|2
√
1− |ǫctξ′|2
(
1− |ǫctξ|2
)(
1− |ǫctξ′|2
)

 .
(2.8)
The speial mixing matrix between up and down quarks via the harged Higgs, negleting terms
of O (ǫ2ct) or O
(
mu
mt
)
(reall: ǫct ≡ mcmt ), an then be written approximately as:
(
Σ†V
)
/mt =

 ǫctξ′∗Vtd ǫ3ctξ′∗ξVcs + ǫctξ′∗Vts ǫctξ′∗Vtbǫctξ∗Vtd ǫ3ct |ξ|2 Vcs + ǫctξ∗Vts ǫctξ∗Vtb
Vtd ǫ
2
ctξVcs + Vts Vtb − Vtbǫ2ct
(|ξ|2 + |ξ′|2)

 . (2.9)
We note that the matrix was approximated for the purpose of illustration. In all alulations
the matrix was used without negleting anything.
The Yukawa terms in the quark mass basis are:
LY = −d¯LMddR − u¯LMuuR − d¯LΦ01
Md
v1
dR − u¯LΦ0∗1
Mu
v1
uR −
−u¯LU †LΦ+1 DLD†LFDRdR + d¯LD†LΦ−1 ULU †L
1
v1
(
v1GI
(12) + v2GI
(3)
)
URuR − (2.10)
−u¯LU †L
1√
2
(
Φ0∗2 −
v2
v1
Φ0∗1
)
GI(3)URuR + d¯LD
†
L
(
Φ−2 −
v2
v1
Φ−1
)
ULU
†
LGI
(3)URuR + h.c. .
We will heneforward drop the mass terms.
Using: I
(12) · I(3) = [0]3×3, and: U †LGI(3)UR = U †L 1v2
(
v1GI
(12) + v2GI
(3)
)
URU
†
RI
(3)UR =
√
2
v2
Σ, we
get:
LY = −d¯LΦ01
Md
v1
dR − u¯LΦ0∗1
Mu
v1
uR − Φ+1 u¯LV
√
2Md
v1
dR + Φ
−
1 d¯LV
†
CKM
√
2Mu
v1
uR −
−
(
Φ0∗2 −
v2
v1
Φ0∗1
)
u¯L
1
v2
ΣuR +
(
Φ−2 −
v2
v1
Φ−1
)
d¯LV
†
√
2
v2
ΣuR + h.c. . (2.11)
The Higgs elds are not in their mass basis yet. The mass basis is derived from the Higgs
potential in the Lagrangian, see App. A (see also [5℄).
We note that the real parts of the neutral Higgs elds generally rotate with the angle α, whereas
the other Higgs elds rotate with the angle β. This is due to their shift by the VEV's. This
point is sometimes overlooked in the literature, where often the value for α is hosen arbitrarily.
This omission of α an perhaps be attributed to the MSSM, where the angle α is onstrained
by the Higgs masses [5℄.
The Higgs elds in the mass basis are dened as follows:
Φ0 = Φ0r + iΦ0i, tan (β) ≡ v2
v1
,
Φor1 = H
0 cosα− h0 sinα, Φoi1 = G0 cos β − A0 sin β, Φ+1 = G+ cos β −H+ sin β,
Φor2 = H
0 sinα + h0 cosα, Φoi2 = G
0 sin β + A0 cos β, Φ+2 = G
+ sin β +H+ cos β.
(2.12)
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The Yukawa terms in the quark and Higgs mass basis, are then:
LY = −d¯L
[(
H0 cosα− h0 sinα)+ i (G0 cos β − A0 sin β)]Md
v1
dR −
−u¯L
[(
H0 cosα− h0 sinα)− i (G0 cos β − A0 sin β)]Mu
v1
uR −
− (G+ cos β −H+ sin β) u¯LV
√
2Md
v1
dR +
(
G− cos β −H− sin β) d¯LV †
√
2Mu
v1
uR −
− [(H0 sinα + φ0r2 cosα)− i (G0 sin β + A0 cos β)] u¯L 1v2ΣuR +
+
v2
v1
[(
H0 cosα− φ0r∗2 sinα
)− i (G0 cos β −A0 sin β)] u¯L 1
v2
ΣuR +
+
[(
G− sin β +H− cos β
)− v2
v1
(
G− cos β −H− sin β)] d¯LV †
√
2
v2
ΣuR + h.c. . (2.13)
Colleting idential interations:
LY = −d¯L
[(
H0 cosα− h0 sinα)+ i (G0 cos β −A0 sin β)]Md
v1
dR +
+H0u¯L
[
−Mu
v1
cosα− 1
v2
Σ sinα +
1
v1
Σcosα
]
uR +
+h0u¯L
[
Mu
v∗1
sinα− 1
v2
Σcosα− 1
v1
Σ sinα
]
uR +
+iG0u¯L
[
Mu
v1
cos β +
1
v2
Σ sin β − 1
v1
Σcos β
]
uR +
+iA0u¯L
[
−Mu
v1
sin β +
1
v2
Σcos β +
1
v1
Σ sin β
]
uR +
+
(−G+ cos β +H+ sin β) u¯LV
√
2Md
v1
dR +
+G−d¯LV
†
[
cos β
√
2Mu
v1
+ sin β
√
2
v2
Σ− cos β
√
2
v1
Σ
]
uR +
+H−d¯LV
†
[
− sin β
√
2Mu
v1
+ cos β
√
2
v2
Σ+ sin β
√
2
v1
Σ
]
uR + h.c. . (2.14)
Using: v1 = v cos β, v2 = v sin β, v =
√
v21 + v
2
2 =
2mW
g
, and adding the h.., we get the nal
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Yukawa terms, in the physial mass basis, arranged by interations:
LY =H0d¯
[
− gMd
2mW
cosα
cos β
]
d+ h0d¯
[
gMd
2mW
sinα
cos β
]
d+
+ A0d¯
[
i
gMd
2mW
tan β (R− L)
]
d+G0d¯
[
−i gMd
2mW
(R − L)
]
d+
+H0u¯
[
g
2mW
(
−Mu cosα
cos β
+ Σ
(
−sinα
sin β
+
cosα
cos β
))
R + (h.c.)L
]
u+
+ h0u¯
[
g
2mW
(
Mu
sinα
cos β
− Σ
(
cosα
sin β
+
sinα
cos β
))
R + (h.c.)L
]
u+
+ A0u¯
[
i
g
2mW
(−Mu tanβ + Σ(tanβ + cot β))R + (h.c.)L
]
u+G0u¯
[
i
gMu
2mW
(R− L)
]
u+
+G+u¯
g√
2mW
[−VMdR +MuV L] d+ h.c.+
+H+u¯
g√
2mW
[
tan βVMdR +
(−Mu tan β + Σ† (tanβ + cot β)) V L] d+ h.c. . (2.15)
For ompleteness, in App. B we give the omplete list of Feynman rules for the T2HDM model,
as derived above.
9
Chapter 3
The avor-hanging setor of the T2HDM
The T2HDM features unique avor-hanging (FC) ouplings of both harged Higgs and neutral
Higgs, where the neutral Higgs FC ouplings are in the up-quark setor only. These ouplings
an enhane FC proesses, in partiular the t→ ch deay.
3.1 Charged-Higgs FC Yukawa interations
In the SM the leading order diagrams of the t → ch deay are at the 1-loop level, through
the mediation of W+ gauge bosons and b-quarks in the loop, being ∝ Vcb. In general, in any
2HDM there is a orresponding vertex of H+c¯b, and the proess t→ ch proeeds also via similar
diagrams with H+ and b in the loop. In the T2HDM the H+c¯b vertex reeives a partiular
value distint from other 2HDM's:
L ⊃ g√
2mW
H+c¯
[
tanβVMdR +
(−Mu tanβ + Σ† (tan β + cotβ))V L]cb b ∼
∼ g√
2mW
H+c¯ [tan βVcbmbR +mc (− tanβVcb + ξ∗ (tan β + cotβ)Vtb)L] b . (3.1)
As an be seen, the H+c¯b vertex has a term proportional to Vcb × tanβ whih is ommon to
other 2HDM's, but has an additional term proportional to (tanβ + cot β)×(Σ†V )
cb
∼ mcξ∗Vtb,
as shown above in (2.9). The main ontribution for 1-loop diagrams with internal H+ and b,
in the T2HDM, will therefore ome from mcξ
∗Vtb terms, and is thus not CKM suppressed.
For our analysis we also onsider the H+t¯b vertex in the T2HDM:
L ⊃ g√
2mW
H+t¯ {tan βVtbmbR+
+
[
−mtVtb tan β +mt
(
Vtb − Vtbǫ2ct
(
|ξ|2 + |ξ′|2
))
(tanβ + cot β)
]
L
}
b =
=
g√
2mW
H+t¯ {tanβVtbmbR+
+
[
mtVtb cot β −mtVtbǫ2ct
(
|ξ|2 + |ξ′|2
)
(tan β + cot β)
]
L
}
b (3.2)
We an see that by taking ξ, ξ′ → 0 the H+t¯b interation in (3.2) beomes equivalent to that
of a 2HDM type I or II.
3.2 Neutral-Higgs FC Yukawa interations
A priori there is no distintion between h0 and H0 other than the rotation angle α. In this
work we therefore adopt α = β, and in the following disussion we explore the onsequenes of
this hoie, in partiular the elimination of the tree-level H0t¯c vertex.
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The t → cH0 deay in the T2HDM an proeed at tree level, from the following interation
term (see Se. 2):
L ⊃ H0t¯
[
g
2mW
(
−Mu cosα
cos β
+ Σ
(
−sinα
sin β
+
cosα
cos β
))
R + (h.c.)L
]
tc
c ∼
∼ H0t¯
[
g
2mW
(
−sinα
sin β
+
cosα
cos β
)
(mcξR+mcǫctξL)
]
c, (3.3)
where we used the o-diagonal terms of Σ from Eq. 2.8, negleting terms of order ǫ2ct (reall
ǫct = mc/mt), Σtc ∼ mcξ and
(
Σ†
)
tc
∼ mcǫctξ.
For arbitrary α and β, this will lead to t → cH0 deay at tree level. On the other hand, the
H0t¯c vertex an vanish if:
1)ξ = 0,
2)− sinα
sinβ
+ cosα
cos β
= 0 ⇔ α = β + nπ .
In this work we wish to examine the ase of a vanishing H0t¯c tree-level interation, therefore
adopting α = β, sine:
1. ξ = 0 is strongly disfavoured by the bounds in [2℄, as we will disuss in Se. 4.2.
2. ξ = 0 anels the potentially enhaned term of the H+c¯b oupling, as shown above.
3. The limit α = β is a natural result of the MSSM, when the mass of the CP-odd neutral
Higgs, A0, is large (see e.g. [5℄ in the limit mA0 → ∞). Note that α = β is widely used
in the literature, partly for this reason. Even though the T2HDM setup is not natural
within the MSSM, this will help us ompare our results with other existing results in
dierent types of 2HDM's.
4. The limit α = β sets the salar H0 to be SM-like. As suh, it will have SM-Higgs Yukawa
ouplings:
Lα=βY ⊃ H0d¯
[
− gMd
2mW
]
d+H0u¯
[
− gMu
2mW
]
u . (3.4)
In that ase, the diret mass bounds on the SM Higgs may roughly apply to H0.
We turn now to the h0-up quarks Yukawa interations. The 1-loop t → cH0 an proeed also
through the mediation of h0 salars and top quarks in the loop. In these diagrams the important
interations are the h0t¯c and the h0t¯t verties, whih get speial values in the T2HDM.
The h0t¯c interation reads:
L ⊃ h0t¯
[
g
2mW
(
Mu
sinα
cos β
− Σ
(
cosα
sin β
+
sinα
cos β
))
R + (h.c.)L
]
tc
c ∼
∼ h0t¯
[
− g
2mW
(
cosα
sin β
+
sinα
cos β
)
(mcξR+mcǫctξL)
]
c, (3.5)
where setting α = β gives:
Lα=β ⊃ h0t¯
[
− g
2mW
(tanβ + cot β) (mcξR +mcǫctξL)
]
c. (3.6)
One an see that the h0t¯c interation an be enhaned by tanβ.
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The h0t¯t interation, with α = β, reads:
L ⊃ h0t¯
{
g
2mW
[mt tanβ − Σtt (tanβ + cot β)]R + (h.c.)L
}
t ∼
∼ h0t¯
{
g
2mW
[
−mt cot β +mcǫct
(
|ξ|2 + |ξ′|2
)
(tan β + cotβ)
]
R + (h.c.)L
}
t, (3.7)
where we use Σtt =
(
Σ†
)
tt
∼ mt −mcǫct
(|ξ|2 + |ξ′|2). As in the ase of H+t¯b, the leading term
∝ mt tan β anels, leaving terms that are suppressed either by ǫ2ct or cot2 β.
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Chapter 4
Calulations
4.1 One-loop amplitude
The 1-loop deay amplitude is omposed of 10 Feynman diagrams, shown in Fig. 4.1. Their
expliit alulation is given in App. C.
The alulation was aimed to be model-independent. Thus, the Feynman diagrams in Fig. 4.1
were drawn by assuming general verties, whih are dened in Fig. B.1 in App. C, and by
assuming general elds:
qi denotes a quark (up or down type)
Vα denotes vetor (gauge) elds
Hα denotes salar elds
In this way it was possible to alulate the same proess in dierent models, by inserting the
appropriate verties and elds.
The 1-loop integrals were alulated numerially with FORTRAN using the FF pakage [24℄.
The alulations were done using the Passarino-Veltman redution sheme, whih expresses the
integrals in terms of basi salar n-point funtions. All other (vetor, tensor) integrals an be
omputed using ombinations of the salar funtions (for expliit furmulae see e.g. [15℄ App.
A). In App. D we give the denitions of the redued funtions that we used to alulate the
1-loop integrals.
4.2 Bounds on the parameter spae of the T2HDM
As was mentioned in the introdution, bounds on the T2HDM harged-setor parameter spae
were simultaneously alulated in [2℄ to give a best t to various experimental results. The
proesses that were seleted were the ones most sensitive to the T2HDM.
We desribe here the proesses for whih the parameter t was done in [2℄, and summarize in
Eq. (4.1) the allowed values of the parameters of the T2HDM at 1σ.
• The BR of B → Xsγ [20℄ was estimated from the shifts in the Wilson oeients C7,8
aused by the T2HDM. The BR onstrains mainly the parameters mH+ , tan β and ξ.
• The BR of B+ → τ+ντ was alulated in the T2HDM [2℄. This proess reeives a tree-
level ontribution from harged-Higgs exhange, and has a large impat in onstraining
the parameter spae, espeially mH+ and ξ
′
.
• The CP-violating parameter εK was alulated in the T2HDM [8℄, and was found in [2℄
to severely onstrain the parameters mH+ , tan β and ξ.
• The time dependent amplitude of the CP asymmetry aΨK = A
(
B¯0 → J/ψKs
)
, was found
to onstrain the parameters mH+ and tanβ.
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t → c h diagrams
1
t
c
H0ql
qk
Hα
5
t
c
H0
Hα
qk
qq
7
t
c
H0
qk
Hα
Hβ
2
t
c
H0
ql
qk
Hα
6
t
c
H0
Vα
qk
qq
8
t
c
H0
qk
Vα
Vβ
3
t
c
H0ql
qk
Vα
9
t
c
H0
qk
Hα
Vβ
4
t
c
H0
ql
qk
Vα
10
t
c
H0
qk
Vα
Hβ
Figure 4.1: 1-loop Feynman diagrams for t→ cH0
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• The neutron EDM onstrains mainly mH+ , tan β and ξ′.
• The ∆mD mass dierene from D − D¯ mixing an be ompletely dominated by NP
eets, and so it was required in the analysis that the T2HDM value would not exeed
the experimental value. This requirement onstrains mH+ , tanβ, ξ and ξ
′
.
• The ratio ∆mBs/∆mBd was inluded in the t, although it gave weaker onstraints than
εK .
In the analysis of [2℄, a χ2 funtion was dened, that featured as variables the T2HDM harged
Higgs setor parameters  tanβ, m+H , ξ and ξ
′
and the SM CKM-matrix parameters  ρ,
η and [α, β, γ] (unitarity triangle). These parameters were simultaneously t to the proesses
desribed above. As this is the most omprehensive work onstraining the T2HDM parameters,
these were the bounds used in the present work. Sine they are diretly relevant to the present
work, we list the nal results of [2℄ below (reall that ξ = |ξ| eiϕξ):
mH± =
(
660+390−280
)
GeV,
tan β = 28+44−8 ,
|ξ| ∼ 0.8, 0.5 < |ξ| < 1,
ϕξ =
(
110+30−65
)◦
,
|ξ′| ∼ 0.21,
ϕξ′ ∼ 250◦. (4.1)
We note that these values are also allowed for the 2HDM-II as given in [25℄. We further note
that the ∆mD mass dierene from D − D¯ mixing reeives a ontribution from the neutral
setor that an onstrain the neutral setor parameters, but that ontribution is suppressed by
a fator of
(
1
tan β
mc
mt
m
H+
m
h0
)2
ompared to the harged Higgs ontribution, and therefore does not
impose signiant onstraints on the parameter spae of the neutral setor [26, 8℄.
Diret onstraints from experiments impose weak bounds [27℄: for the SM Higgs, the diret
searh bound is mH0 > 114 GeV. For supersymmetry, bounds for neutral salars are mh >
90 GeV, while for harged salars urrent bounds are mH+ > 80 GeV.
4.3 From amplitude to BR
From the amplitude we get the width of the deay using [27℄:
Γ = 4π · λ 12
(
1,
m2c
m2t
,
m2h
m2t
)
·
∑
pol
|M|2
64π2mt
, (4.2)
where
∑
pol
|M|2 is the squared amplitude averaged over initial polarizations and summed over
nal polarizations, and λ (x, y, z) = x2 + y2+ z2− 2xy− 2xz− 2yz. In the ase of an inoming
fermion, we have:
∑
pol
|M|2 = 1
2
∑
pol
|M|2.
Calulating the squared amplitude, we get:
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M = iu¯c
16π2
(MLL+MRR) ut,∑
pol
|M|2 = 1
256π4
tr [u¯c (MLL+MRR)utu¯t (M
∗
RL+M
∗
LR) uc] = (4.3)
=
1
256π4
[
2mcmt (MLM
∗
R +MRM
∗
L) +
(
m2c +m
2
t −m2h
)
(MLM
∗
L +MRM
∗
R)
]
.
The BR is then:
BR (t→ ch) = Γ (t→ ch)∑
x
Γ (t→ x) . (4.4)
Where usually only x = W+b is taken, sine its BR is very lose to 1 [27℄. We take the tree-level
value of Γ (t→W+b) = 1.55 GeV. If the mass of the H+ is smaller than the mass of the top,
the proess t→ H+b is possible and signiant, and must be taken into aount in the sum.
4.4 Higgs deay BR
The 1-loop amplitude of the opposite proess, h→ t¯c+ c¯t, is idential to the 1-loop amplitude
of t→ ch, by applying rossing symmetry [17℄. The width of the proess is given by:
Γ (h→ t¯c+ c¯t) = 2× Γ (h→ t¯c) = 2Ncλ 12
(
1,
m2c
m2h
,
m2t
m2h
)
·
∑
pol
|M|2
16πmh
, (4.5)
where Nc = 3 is the olor fator, and
∑
pol
|M|2 =∑
pol
|M|2 in this ase (an inoming salar).
In order to alulate the BR for h → t¯c, one has to alulate the total width of the salars.
In this work we have inluded leading-order ontributions to the Higgs width from h → q¯q,
h → V V , h → 2 salars and h → vetor+salar [28℄. The last an be important in some
regions of the parameter spae suh as low tanβ. The formulae used for the alulation of the
total width are given in App. E, along with a plot of the SM Higgs width in the leading order
approximation ompared with higher order preditions, in Fig. E.1.
4.5 Cheks of the alulations
• We have suessfully reprodued the results for BR(t → ch) obtained in [3℄ in the SM
and in [15℄ in the 2HDM-II.
• We have suessfully reprodued the results for BR (h→ t¯c) obtained in [4℄ in the SM
and in [25℄ in the 2HDM-II. We note that Arhrib's results mathed for αEW ∼ 1/128.9,
whih is dierent from the one reportedly used, αEW ∼ 1/137, as also onrmed by him
in a private ommuniation. However, we were not able to reprodue the BR (h→ t¯c)
values of [15℄, as also stated in [25℄.
• Some amplitudes have a divergent part. Sine the proess is alulated at leading order,
no renormalization is needed to anel the divergent terms, and they should anel among
themselves. This anellation is demonstrated in App. F analytially. It was also veried
numerially in the FORTRAN ode. Cheking that the results do not diverge is also a
test of the self-onsisteny of the 1-loop amplitude alulations.
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4.6 Tree-level amplitude
As stated in the introdution, there are FC tree-level interations of h0 in the T2HDM, when
α = β, as opposed to H0 whih has no FC tree-level interations when α = β. Therefore, the
deays t→ ch0 and h0 → t¯c at tree-level are possible when allowed kinematially. The tree-level
oupling h0t¯c was given in Se. 3. Here we derive the leading order tree-level BR values of
these two deays. We will neglet throughout the derivation terms of order: m2c/m
2
t , m
2
b/m
2
t ,
m2c/m
2
h0
and cot2 β. The last term is negleted in aordane with the working assumption of
the T2HDM, whih is a large tan β. We also set α = β. The last requirement is not imperative,
but it renders simpler formulae and makes the following derivation onsistent with the 1-loop
alulations of t→ cH0 and H0 → t¯c deays in this work.
The tree-level amplitude for the proess t→ ch0 is:
M (t→ ch0) = u¯c
[
g
2mW
(
(Mu)ct
sinα
cos β
− Σct
(
cosα
sin β
+
sinα
cos β
))
R + (h.c.)L
]
ut, (4.6)
where from (2.8) we have:
Σct = mtǫ
2
ctξ
∗
√
1− |ǫctξ|2
√
1− |ǫctξ′|2 ∼ mcǫctξ∗,(
Σ†
)
ct
= mtǫctξ
∗
√
1− |ǫctξ|2
√
1− |ǫctξ′|2 ∼ mcξ∗, (4.7)
whih we insert in the amplitude with α = β to get:
M (t→ ch0) = u¯c −g
2mW
(cot β + tanβ)mcξ
∗ [ǫctR + L]ct ut ≡
≡ u¯c [MRR +MLL] ut. (4.8)
The squared amplitude summed over external spinors is:
∑
pol
|M|2 = 2mcmt (MLM∗R +MRM∗L) +
(
m2t +m
2
c −m2h
)
(MLM
∗
L +MRM
∗
R) =
=
[
g2m2c
4m2W
(cotβ + tan β)2 |ξ|2
] [
2mcmt · 2ǫct +
(
m2t +m
2
c −m2h0
) (
1 + ǫ2ct
)] ∼
∼ g
2m2c
4m2W
tan2 β |ξ|2 [m2t −m2h0] . (4.9)
From
∑
pol
|M|2 = 1
2
∑
pol
|M|2 we an alulate the BR's of the proesses t→ ch0 and h0 → t¯c.
The width of t→ ch0 reads:
Γ
(
t→ ch0) = 4π · λ 12 (1, m2c
m2t
,
m2
h0
m2t
)
·
∑
pol
|M|2
64π2mt
∼
∼ g
2 |ξ|2mtm2c
128πm2W
tan2 β
(
1− m
2
h0
m2t
)2
. (4.10)
The width for t→ bW+ (at tree-level and negleting terms of order m2b/m2t and αs) is [27℄:
Γ
(
t→ bW+) ∼ g2mt
64π
(
1− m
2
W
m2t
)(
1− 2m
2
W
m2t
+
m2t
m2W
)
, (4.11)
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from whih we get the leading order BR (t→ ch0) (for large tanβ):
BR
(
t→ ch0) ∼ |ξ|2m2c
2m2W
tan2 β
(
1− m
2
h0
m2t
)2(
1− m
2
W
m2t
)−1(
1− 2m
2
W
m2t
+
m2t
m2W
)−1
. (4.12)
For instane, for the best-t parameters of Eq. (4.1), tanβ = 28, |ξ| = 0.8, and for α = β, and
mh0 = 91 GeV, we get BR (t→ ch0) = 0.0077.
By applying rossing symmetry on |M|2, the tree-level squared amplitude of the opposite
proess, h0 → t¯c, is:
∑
pol
|M|2 ∼ g
2m2c
4m2W
tan2 β |ξ|2 [m2h0 −m2t ] , (4.13)
from whih we get:
Γ (h→ t¯c+ c¯t) = 2× Γ (h0 → t¯c) = 2Ncλ 12
(
1,
m2c
m2
h0
,
m2t
m2
h0
)
·
∑
pol
|M|2
16πmh0
∼
∼ Nc |ξ|
2 g2mh0m
2
c
32πm2W
tan2 β
(
1− m
2
t
m2
h0
)2
. (4.14)
For α = β, (assuming also that mh0 < 2mA0, 2mH+) the total width of h
0
is mainly omprised
of fermion deays, sine the ouplings W+W−h0, Z0Z0h0 and H0H0h0 are all ∝ sin (β − α)
(see table B.2 and App. E). Below the tt¯ threshold (at about 340 GeV) the bb¯ deays dominate.
The width of h0 → b¯b is then (see App. E):
Γ
(
h0 → b¯b) ∼ Ncg2m2bmh0
32πm2W
tan2 β. (4.15)
In this ase, the BR of h0 → t¯c is:
BR
(
h0 → t¯c+ c¯t) ∼ |ξ|2 m2c
m2b
(
1− m
2
t
m2
h0
)2
. (4.16)
For |ξ| = 0.8 and mh0 = 300 GeV, we get BR (h0 → t¯c+ c¯t) = 0.023 .
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Chapter 5
Results
In this setion we give our results and disussion for the 1-loop deays BR (t→ cH0) and
BR (H0 → t¯c) in the T2HDM. All the masses are in units of GeV. We set α = β for the reasons
explained above. Other parameters are set to their best-t value of (4.1) unless stated otherwise.
Our alulations were done in the t'Hooft Feynman gauge. The SM Higgs has a best-t mass to
EW preision data of 91+45−32 GeV [27℄. In our setup in whih H
0
has ouplings idential to the
SM Higgs, we expet these bounds to be roughly appliable, and therefore we setmH0 = 91 GeV
in the proess t → cH0. We take the total t-quark width Γ (t→ W+b) = 1.55 GeV. For the
proess H0 → t¯c we arbitrarily hoose mH0 = 300 GeV.
For deniteness, other values we used for the alulations were [27℄: mt = 172.5 GeV (pole
mass), mc = mc (mc) = 1.24 GeV, mb = mb (mb) = 4.20 GeV (mc and mb are in the MS
renormalization sheme), mW = 80.40 GeV,mZ = 91.188 GeV, cos θW = mW/mZ , αEW (mz) =
1/127.9. The values were used as given here, without running in energy sale. The BR results
were found to be sensitive to mc and mb: for example, for the BR value 5.99× 10−5 quoted in
table 5.1 in the upper row for the T2HDM with mb = 4.2 and mc = 1.25, setting mb(mZ) ∼ 3
and mc(mZ) ∼ 0.7 [29℄ yields 1.28× 10−5. We note that our results were not sensitive to ms.
We used mA0 = 1000 GeV to enhane the triple-salar oupling whih is roughly ∝ m2A0 , as an
be seen in App. A and B. The ξ and ξ′ parameters are set to their best-t value of Eq. (4.1):
|ξ| = 0.8, ϕξ = 110◦, |ξ′| = 0.21, and ϕξ′ = 250◦.
5.1 Results for the 1-loop top rare deay t→ cH0
In Fig. (5.1 a) we show a 3D plot of BR (t→ cH0) in the mH+ − tanβ plane in the T2HDM.
The at grid in Figs. 5.1 and 5.2 is the LHC detetion limit of BR > 5 · 10−5, so that the
olored surfae above the grid is the region in the parameter spae whih has (in the T2HDM)
a BR high enough to be deteted at the LHC.
The hoie mh0 = 1000 GeV in Fig. 5.1 suppresses the diagrams in whih the neutral h
0
Higgs
runs in the loop and, thus, better explores the harged Higgs setor properties. As expeted
the BR rises with tan β and is highest when mH+ is lowest. The dominant Feynman diagram
in this ase is the one whih has two H+ salars and a b quark in the loop, and is shown in Fig.
(5.1 b). This diagram reeives an enhanement from the 3-salar vertex, as disussed above.
In Fig. 5.2 we show the BR in the mh0 − tan β plane in the T2HDM.
We took mH+ = 1000 GeV in Fig. 5.2 so that the diagrams in whih the harged H
+
Higgs
runs in the loop will be suppressed, to better explore the neutral Higgs setor properties. As we
an see, the BR is highest when mh0 is lowest, and rises with tanβ. The dominant diagrams in
this ase are the ones whih have two h0 or two H+ salars in the loop: The diagram with two
h0 dominates in the low tanβ  low mh0 region, while the diagram with two H
+
dominates in
the high tanβ  high mh0 region, and is responsible for the rise of the BR with tan β. Both of
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Figure 5.1: (a) 3D plot of BR (t→ cH0) in the mH+ − tan β plane in the T2HDM, and (b) the
dominant diagram. We set mh0 = 1000 GeV and mA0 = 1200 GeV. The olor sale represents
the BR: the blue represents the lowest BR and red the highest.
t
c
H0
t
h0
h0
(a) (b)
Figure 5.2: (a) 3D plot of BR (t→ cH0) in the mh0 − tanβ plane in the T2HDM, and (b) the
dominant diagram. We set mH+ = 1000 GeV and mA0 = 1200 GeV.
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Figure 5.3: 3D plot of BR (t→ cH0) in the mA0 −mh0 plane in the T2HDM. We set mH+ =
660 GeV and tan β = 28.
parameters SM 2HDM-II T2HDM
mh0 = 800, mA0 = 1000, tan β = 72, mH+ = 200 6.03× 10−14 4.25× 10−5 5.99× 10−5
mh0 = 800, mA0 = 1000, tan β = 72, mH+ = 380 6.03× 10−14 1.79× 10−6 2.57× 10−6
mh0 = 200, mA0 = 4000, tanβ = 20, mH+ = 1050 6.03× 10−14 5.15× 10−8 9.39× 10−5
mh0 = 200, mA0 = 1000, tanβ = 20, mH+ = 1050 6.03× 10−14 3.34× 10−12 3.14× 10−7
Table 5.1: Comparison of the BR (t→ cH0) within the T2HDM, the 2HDM-II, and the SM.
Masses are in units of GeV.
these diagrams reeive an enhanement from the 3-salar vertex with large mA0 , as mentioned
above.
The plots are similar, yet the BR are higher when the H+ runs in the loop. That is a distintive
property of the T2HDM: the harged Higgs oupling H+b¯c an be enhaned by as muh as
Vtb/Vcb ompared with any other 2HDM.
In Fig. 5.3 we show the BR in the mA0 − mh0 plane in the T2HDM, at the best t of the
harged setor parameters. The graph shows that the BR rises when mA0 is highest and mh0
lowest, sine then the diagram with two mh0 starts to dominate. The dip in the middle of the
surfae is due to anellation in the H0H+H+ vertex.
In Figs. 5.4 and 5.5 we give 2D plots of the BR as a funtion of tan β and mH+ respetively,
with the same parameters as in Fig. 5.1. We an now see the dependene of the BR on tan β
and mH+ more learly: the BR rises with tan β but inreases with smaller mH+ .
Finally, we wish to illustrate more learly the dierene between the T2HDM, the 2HDM-II, and
the SM. For that purpose we give in table 5.1 the BR (t→ cH0) values within these 3 dierent
models, for several points in the relevant parameter spae. We reall that the 2HDM-II has a
Yukawa potential similar to the MSSM, and has no tree-level FC interations.
The rst two rows illustrate the impat of the harged setor, by setting a high mh0 . The BR
Figure 5.4: The BR (t→ cH0) as a funtion of tan β at various mH+ in the T2HDM. We
set mh0 = 1000 GeV and mA0 = 1200 GeV. LHC thresh. stands for the limit of the LHC
sensitivity at 100 fb−1.
Figure 5.5: The BR (t→ cH0) as a funtion of mH+ at various tanβ in the T2HDM. We
set mh0 = 1000 GeV and mA0 = 1200 GeV. LHC thresh. stands for the limit of the LHC
sensitivity at 100 fb−1.
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is a bit higher in the T2HDM than in the 2HDM-II. We note that the value mH+ = 200 GeV
is outside the 1σ bounds. We an see that, for a high mh0 , the BR (t→ cH0) in the T2HDM
is not as enhaned as expeted relative to the 2HDM-II. We expeted that the diagram with
two harged salar and a b quark will be enhaned in the T2HDM, sine the H+c¯b interation
is enhaned. We reall the Feynman rule for this interation:
g√
2mW
[tan βVcbmbR +mc (− tanβVcb + ξ∗ (tan β + cot β)Vtb)L] , (5.1)
and the amplitude of this diagram:
M7 =
−iu¯c
16π2
g3hH+H+h
[
mbC0
(
AH
+
cb B
H+∗
tb L+B
H+
cb A
H+∗
tb R
)
−mcC12
(
BH
+
cb B
H+∗
tb L+ A
H+
cb A
H+∗
tb R
)
+
+mt (−C11 + C12)
(
AH
+
cb A
H+∗
tb L+B
H+
cb B
H+∗
tb R
)]
ut, (5.2)
where Cij are the Passarino-Veltman salar funtions (see App. D).
The term multiplied by the left projetion operator is enhaned. In our notations it is denoted
as AH
+
cb in (5.2). The leading term in the amplitude in the 2HDM-II, for tan β & 10, is
∝ mtBH+cb BH+∗tb ∝ mtm2b tan2 βVcbV ∗tb (see Se. 3). In the T2HDM this term does not reeive a
signiant enhanement. However, the term ∝ mbAH+cb BH
+∗
tb , whih in the 2HDM-II is a sub-
leading term, is in the T2HDM ∝ ξ∗mcm2b tan2 βVtbV ∗tb, and is of the same order of magnitude
as the leading term of the 2HDM-II (together with the Cij loop funtions). Thus we an
summarize that what would have been a sub-leading term in the 2HDM-II, beomes in the
T2HDM of the same order of magnitude of the leading term, and therefore the enhanement is
not as signiant as expeted.
In the last two rows of the table we see the impat of the neutral Higgs setor, by setting a
high mH+ . The results are muh higher in the T2HDM than in the 2HDM-II, whih is to be
expeted, sine the 2HDM-II does not have any tree-level FC interations. However, the overall
BR's in the small mh0 regime are also small due to the anellation of the leading term in the
h0t¯t vertex.
To omplete the piture, we note that the SM value is only dependent upon the neutral Higgs
mass. Setting mH0 = 91 GeV, we get: BRSM (t→ cH0) = 6.03 × 10−14, for mH0 = 100 GeV
we get BRSM (t→ cH0) = 4.63 × 10−14, and for mH0 = 150 GeV we get BRSM (t→ cH0) =
5.26× 10−15.
5.2 Results for the 1-loop Higgs rare deay H0 → t¯c
We reall the values that we use in the following plots, whih were also given above: mH0 =
300 GeV (hosen arbitrarily), mt = 172.5 GeV, mc = 1.24 GeV, mb = 4.20 GeV, mW =
80.40 GeV, mZ = 91.188 GeV, αEW (mz) = 1/127.9, and α = β. The ξ and ξ
′
parameters
are set to their best-t value of Eq. (4.1): |ξ| = 0.8, ϕξ = 110◦, |ξ′| = 0.21, and ϕξ′ = 250◦.
The total Higgs width is alulated (see Se. 4.4) from the deays H0 → q¯q, H0 → V V ,
H0 → hihj and H0 → Vihj, as dened in App. E.
In Fig. 5.6 we present the SM value for the BR (H0 → t¯c+ c¯t). Our results agree with [4℄.
Next we turn to results in the T2HDM. In Fig. 5.7 we give a 3D plot of BR (H0 → t¯c+ c¯t)
in the mH+ − tanβ plane in the T2HDM. We see the same tendeny as in the deay t→ cH0:
The BR rises with tan β and rises with lower mH+ .
In Figs. 5.8,5.9 we give 2D plots of the BR as a funtion of tanβ and mH+ respetively, with
the same parameters as in Fig. 5.7. We see now more learly the behavior desribed above.
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Figure 5.6: The SM value for the BR (H0 → t¯c+ c¯t) as a funtion of the Higgs mass, for
mb(mb) = 4.2 GeV and for mb(mZ) = 3 GeV [27℄. The BR is not sensitive to mc.
H0
c
t¯
H+
H+
b
(a) (b)
Figure 5.7: (a) 3D plot of BR (H0 → t¯c+ c¯t) in the mH+ − tanβ plane in the T2HDM, and (b)
the dominant diagram. We set mh0 = 1000 GeV and mA0 = 1000 GeV.
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Figure 5.8: The BR (H0 → t¯c+ c¯t) as a funtion of tanβ at dierent mH+ in the T2HDM. We
set mh0 = 1000 GeV and mA0 = 1000 GeV.
Figure 5.9: The BR (H0 → t¯c+ c¯t) as a funtion of mH+ at dierent tan β in the T2HDM. We
set mh0 = 1000 GeV and mA0 = 1000 GeV.
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Figure 5.10: (a) 3D plot of BR (H0 → t¯c+ c¯t) in the mh0 − tanβ plane in the T2HDM, and
(b) the dominant diagram. We set mH+ = 1000 GeV and mA0 = 1000 GeV.
parameters SM 2HDM-II T2HDM
mh0 = 800, mA0 = 1000, tan β = 72, mH+ = 200 1.23× 10−13 1.26× 10−4 1.70× 10−4
mh0 = 800, mA0 = 1000, tan β = 72, mH+ = 380 1.23× 10−13 3.09× 10−6 4.45× 10−6
mh0 = 200, mA0 = 4000, tanβ = 20, mH+ = 1050 1.23× 10−13 8.69× 10−8 2.90× 10−4
mh0 = 200, mA0 = 1000, tanβ = 20, mH+ = 1050 1.23× 10−13 8.99× 10−12 9.11× 10−7
Table 5.2: Comparison of BR (H0 → t¯c+ c¯t) between the T2HDM, the 2HDM-II, and the SM.
Masses are in units of GeV. We set mH0 = 300, α = β, and other parameters to their best-t
value of (4.1).
In Fig. 5.10 we give a 3D plot of BR (H0 → t¯c+ c¯t) in the mh0 − tanβ plane in the T2HDM,
and in Fig. 5.11 we give a 2D plot of the BR as a funtion of tan β with the same parameters
as Fig. 5.10 at several values of mh0 . We an see that the BR rises with lower mh0 , but has a
weak dependene on tanβ.
In table 5.2 we give the BR (H0 → t¯c+ c¯t) values in the dierent models, for a few points in
the parameter spae. As an be seen, the behavior is similar to the t→ cH0 proess, although
generally the BR values are higher.
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Figure 5.11: The BR (H0 → t¯c+ c¯t) as a funtion of tan β at dierent mh0 in the T2HDM. We
set mH+ = 1000 GeV and mA0 = 1000 GeV.
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Chapter 6
Summary
The T2HDM is a distint type of a 2HDM in whih the top quark reeives a speial status. In
this model, the top is oupled to the seond Higgs doublet, while all other quarks are oupled
to the rst Higgs doublet. Assuming that the seond Higgs VEV (v2) is muh larger than the
rst Higgs VEV (v1), the top quark reeives a muh larger mass than all other quarks in a
natural manner. Therefore the working assumption of the T2HDM is that tan β ≡ v2/v1 ≫
1. In addition, these Yukawa ouplings generate potentially enhaned avor-hanging (FC)
interations, both in the harged and the neutral setors. These interations an greatly enhane
FC deays suh as t→ ch and h→ t¯c.
The Yukawa setor of the model was expliitly (and independently) derived, as well as salar
self interations. For example, the H+b¯c vertex is enhaned by a fator of Vtb/Vcb ompared
to the orresponding 2HDM-II vertex. This enhanement motivated the present work, sine it
is expeted to inuene the 1-loop t → cH0 and H0 → t¯c deays via diagrams involving H+
salars and b quarks inside the loop.
In order to separate the 1-loop deays from the tree-level deays, we hose α = β. This hoie
eliminates the t→ cH0 and H0 → t¯c tree-level deays, so that these deays proeed at 1-loop.
On the other hand, the deays t→ ch0 and h0 → t¯c our at the tree-level for α = β. For these
tree-level deays we gave expliit formulae. The h0t¯c neutral FC interation an also enhane
the 1-loop BR (t→ cH0) and BR (H0 → t¯c), via diagrams involving h0 salars and t quarks
inside the loop.
The parameter spae of the T2HDM was explored for the resulting 1-loop BR (t→ cH0) and
BR (H0 → t¯c). We foused on those regions of the parameter spae in whih these BR's an be
muh higher than in the SM and 2HDM-I,II. We found the dynamis of the two proesses to be
similar, whih was expeted sine their amplitudes and rates are related by rossing symmetry.
The 1-loop BR (t→ cH0) an reah ∼ 10−4 in the T2HDM. This is above the LHC detetion
threshold of 5×10−5, and above the SM, and 2HDM-I,II preditions. The 1-loop BR (H0 → t¯c)
an reah above ∼ 10−4 in the T2HDM, higher than the SM and 2HDM-I,II preditions.
We onlude that if suh deays are indeed identied at the LHC, then the dynamis of the
T2HDM type will be espeially motivated.
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Appendix A
Higgs potential in two Higgs doublet
models
In the following we introdue the Higgs potential of a general 2HDM, whih orresponds to the
T2HDM as well as to 2HDM's of types I, II and III.
We assume a CP onserving Higgs potential of the form [5℄:
LH = λ1
(
Φ†1Φ1 − v21/2
)2
+ λ2
(
Φ†2Φ2 − v22/2
)2
+ λ3
[(
Φ†1Φ1 − v21/2
)
+
(
Φ†2Φ2 − v22/2
)]2
+
+λ4
[(
Φ†1Φ1
)(
Φ†2Φ2
)
−
(
Φ†1Φ2
)(
Φ†2Φ1
)]
+ λ5
∣∣∣Φ†1Φ2 − v1v2/2∣∣∣2 , (A.1)
already introdued in Se. 2, and:
Φ1,2 =
(
Φ+1,2
v1,2+Φ0r1,2+iΦ
0i
1,2√
2
)
. (A.2)
This potential has ve ouplings λi plus two VEV's v1 and v2, seven degrees of freedom in total.
These will be later expressed in terms of 5 masses of the physial salars, plus two angles. We
will then extrat the Feynman rules of the 3-salar interations, expressing them in terms of
the physial masses and angles.
We assume a potential whih onserves CP. The absene of CP violation implies that the CP-
even h0, H0 and the CP-odd A0, G0 mix separately, as we will later see. CP violation in the
salar potential would mix CP-even and odd salars (H0, h0, A0), as disussed in [5℄.
The wearying part is deriving the Feynman rules in terms of the masses and angles instead of
λi ,v1 and v2. The expliit derivation is straightforward and we will not follow it ompletely
here. We will, however, introdue the important formulae, following the notation of [5℄.
The elds an always be redened so that their VEV's are real, without aeting the potential.
The VEV's as dened an be easily seen to minimize the potential.
The mass terms of the neutral real (CP-even) salars an be ombined into a symmetri bilinear
mass term:
Lm−CPE =
(
Φ0r1 ,Φ
0r
2
) 1
2
[
1
2
(
4v21 (λ1 + λ3) + v
2
2λ5 (4λ3 + λ5) v1v2
(4λ3 + λ5) v1v2 4v
2
2 (λ2 + λ3) + v
2
1λ5
)](
Φ0r1
Φ0r2
)
≡
≡ 1
2
(
Φ0r
)T
[M ]
(
Φ0r
)
. (A.3)
The mass-squared matrix,M , an be diagonalized using the rotation matrix
[
cosα − sinα
sinα cosα
]
,
with an angle α suh that:
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sin 2α =
2M12√
(M11 −M22)2 + 4M212
, cos 2α =
M11 −M22√
(M11 −M22)2 + 4M212
, (A.4)
whih denes the CP-even neutral salars in the mass basis:
H0 = Φor1 cosα + Φ
or
2 sinα,
h0 = −Φor1 sinα + Φor2 cosα, (A.5)
with masses:
m2H0,h0 =
1
2
(M11 +M22)± 1
2
√
(M11 −M22)2 + 4M212 . (A.6)
The CP-odd neutral salars have a simpler mass
2
matrix: λ5
[
1
2
(
v22 −v1v2
−v1v2 v21
)]
diagonal-
ized using the rotation matrix with the angle β suh that:
tanβ =
v2
v1
, (A.7)
whih denes the CP-odd neutral salars and unphysial Goldstone boson (G0), in the mass
basis:
G0 = Φoi1 cos β + Φ
oi
2 sin β,
A0 = −Φoi1 sin β + Φoi2 cos β, (A.8)
with mass: m2A0 = λ5v
2/2 (reall that: v =
√
v21 + v
2
2 =
2mW
g
).
We an see that the CP-even h0, H0 and the CP-odd A0, G0 mix separately, as promised.
The harged salars have a similar mass
2
matrix: λ4
[
1
2
(
v22 −v1v2
−v1v2 v21
)]
, diagonalized with
the same angle β, dening the harged physial salars and unphysial Goldstone bosons (G±),
in the mass basis:
G± = Φ±1 cos β + Φ
±
2 sin β,
H± = −Φ±1 sin β + Φ±2 cos β, (A.9)
with mass: m2
H±
= λ4v
2/2.
As we stated above, we want to express the triple-salar ouplings in terms of masses and angles
instead of λi, vj. We will rst onnet between Mij and λi, vj :

 M11M22
M12

 =

 4v21 0 4v210 4v22 4v22
0 0 4v1v2



 λ1λ2
λ3

+

 v22λ5v21λ5
v1v2λ5

 . (A.10)
We an invert the equation, and insert λ5 =
m2
A0
v2
, to write:
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λ1 + λ3 =
1
4
(
M11
v21
− tan2 βm
2
A0
v2
)
,
λ2 + λ3 =
1
4
(
M22
v22
− cot2 βm
2
A0
v2
)
,
λ3 +
1
2
λ5 =
1
4
(
M12
v1v2
+
m2
A0
v2
)
. (A.11)
The neutral CP-even ouplings an be olleted from (A.1):
LCP−even3h = 4v1
(
Φ0r1
)3
(λ1 + λ3) + 4v2
(
Φ0r2
)3
(λ2 + λ3) +
+4v1Φ
0r
1
(
Φ0r2
)2(
λ3 +
1
2
λ5
)
+ 4v2Φ
0r
2
(
Φ0r1
)2(
λ3 +
1
2
λ5
)
=
= v1 (H0 cosα− h0 sinα)3
(
M11
v21
− tan2 βm
2
A0
v2
)
+
+v2 (H0 sinα+ h0 cosα)
3
(
M22
v22
− cot2 βm
2
A0
v2
)
+
+v1 (H0 cosα− h0 sinα) (H0 sinα + h0 cosα)2
(
M12
v1v2
+
m2
A0
v2
)
+
+v2 (H0 sinα+ h0 cosα) (H0 cosα− h0 sinα)2
(
M12
v1v2
+
m2
A0
v2
)
. (A.12)
For example, fousing on the h0h0H0 term, and using v1 = v cos β, v2 = v sin β, we get:
Lh0h0H0 = 1
v
{
3 cos β cosα sin2 α
(
M11
cos2 β
− tan2 βm2A0
)
+ 3 sin β sinα cos2 α
(
M22
sin2 β
− cot2 βm2A0
)
+
+ [cos (α+ β) cos 2α− sin (α + β) sinα cosα]
(
M12
cos β sin β
+m2A0
)}
. (A.13)
In order to arrive to the nal form, more algebrai work is needed. Using (A.4), from whih
follows also: 2M12 cos 2α = (M11 −M22) sin 2α, and (A.6), from whih follows alsoM11+M22 =
m2
h0
+m2
H0
, and other trigonometri identities, we arrive at:
Lh0h0H0 = g cos (β − α)
2mW sin 2β
[
sin 2α
(
2m2h0 +m
2
H0
)−m2A0 (3 sin 2α− sin 2β)] , (A.14)
whih agrees with [15℄, and whih is expressed in terms of the physial masses and mixing
angles.
All other 3-salar interations are derived similarly. In App. (B) we listed all the verties
relevant to the present work.
We note that we did not nd the h0H0H0 oupling for the higgs potential of (A.1) in the
literature and it was therefore derived by us.
31
Appendix B
Feynman rules for two Higgs doublet
models
In this setion we list the Feynman rules for the 2HDM's that were used in this work, in the
t'Hooft Feynman gauge. The Feynman rules are presented in Fig. B.1.
In table B.1 we give the Yukawa Feynman rules of the T2HDM and of the 2HDM type II. The
other Feynman rules are ommon to all 2HDM's.
In table B.2 we give the vetor-vetor-salar ouplings, ommon to all 2HDM's, from [5℄.
In table B.3 we give the vetor-salar-salar ouplings, we dene the verties as in [5℄, where
the seond partile is outgoing.
The verties Z0G0H0, Z0G0h0 do not partiipate in the alulations sine the orresponding
Yukawa vertex q¯qG0 does not generate FC interations.
Now we turn to the 3-salar interations. We were not able to nd all verties in the literature,
and therefore we derived one vertex (h0H0H0), while the rest of the salar self interations an
be found in [15℄. We give in table B.4 the omplete list of the 3-salar interations that were
used in this work.
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hδ
qa
qb
= i
(
AδabL+B
δ
abR
)
Vδ
qa
qb
= i
(
aδabL+ b
δ
abR
)
ha
hb
hc
= ig3habc
V µa
hb
hc
= igvhhabc (Pb + Pc)
µ
V µa
V νb
hc = igvvhabc g
µν
Figure B.1: Feynman rules.
T2HDM 2HDM-II [5℄
H0u¯jui
g
2mW
(
−Mu cosαcos β + Σ
(
− sinα
sinβ
+ cosα
cos β
))
R + (h.c.)L − gMu
2mW
sinα
sinβ
h0u¯u g
2mW
(
Mu
sinα
cos β
− Σ
(
cosα
sinβ
+ sinα
cos β
))
R + (h.c.)L − gMu
2mW
cosα
sinβ
A0u¯u i g
2mW
(−Mu tan β + Σ(tan β + cotβ))R + (h.c.)L i gMu2mW cot β (R− L)
G0u¯u i gMu
2mW
(R− L) i gMu
2mW
(R− L)
H0d¯d − gMd
2mW
cosα
cos β
− gMd
2mW
cosα
cos β
h0d¯d gMd
2mW
sinα
cos β
gMd
2mW
sinα
cos β
A0d¯d i gMd
2mW
tan β (R− L) i gMd
2mW
tanβ (R− L)
G0d¯d −i gMd
2mW
(R − L) −i gMd
2mW
(R− L)
H+u¯d
g√
2mW
[tanβVCKMMdR
+ (−Mu tanβ + Σ(tanβ + cot β)) VCKML]
g√
2mW
[tanβVCKMMdR
+cotβMuVCKML]
G+u¯d g√
2mW
(MuVCKML− VCKMMdR) g√2mW (MuVCKML− VCKMMdR)
Table B.1: Feynman rules for Yukawa interations in the T2HDM and in the 2HDM-II.
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W+W−H0 igmW cos (β − α) gµν
W+W−h0 igmW sin (β − α) gµν
Z0Z0H0 igmZ
cos θW
cos (β − α) gµν
Z0Z0h0 igmZ
cos θW
sin (β − α) gµν
Table B.2: Feynman rules for vetor-vetor-salar interations [5℄.
V µa
hb
hc
= igvhhabc (Pb + Pc)
µ
W+H+H0 ig
2
sin (β − α) (PH+ + PH0)µ
W+H+h0 −ig
2
cos (β − α) (PH+ + Ph0)µ
W+G+H0 -ig
2
cos (β − α) (PG+ + PH0)µ
W+G+h0 −ig
2
sin (β − α) (PG+ + Ph0)µ
Z0A0H0 −g sin(β−α)
2 cos θW
(PA0 + PH0)
µ
Z0A0h0 g cos(β−α)
2 cos θW
(PA0 + Ph0)
µ
Table B.3: Feynman rules for vetor-salar-salar interations [5℄.
H+H−H0 − g
mW
[(
m2
H+
−m2
A0
+ 1
2
m2
H0
)
cos (β − α) + (m2
A0
−m2
H0
)
cot 2β sin (β − α)]
H+H−h0 − g
mW
[(
m2H+ −m2A0 + 12m2h0
)
sin (β − α) + (m2
h0
−m2
A0
)
cot 2β cos (β − α)]
h0h0H0 − g cos(β−α)
2mW sin 2β
[(
2m2
h0
+m2
H0
)
sin 2α−m2
A0
(3 sin 2α− sin 2β)]
h0H0H0 − g sin(β−α)
2mW sin 2β
[(
2m2
H0
+m2
h0
)
sin 2α−m2
A0
(3 sin 2α+ sin 2β)
]
A0A0H0 − g
2mW
[
m2
H0
cos (β − α) + 2 (m2
H0
−m2
A0
)
cot 2β sin (β − α)]
A0A0h0 − g
2mW
[
m2
h0
sin (β − α) + 2 (m2
h0
−m2
A0
)
cot 2β cos (β − α)]
H+G−H0 −i g
2mW
(
m2
H+
−m2
H0
)
sin (β − α)
H+G−h0 i g
2mW
(
m2H+ −m2h0
)
cos (β − α)
G+G−H0 -i g
2mW
m2
H0
cos (β − α)
G+G−h0 −i g
2mW
m2
h0
sin (β − α)
Table B.4: Feynman rules for triple-salar interations [15, 5℄.
34
Appendix C
1-loop diagrams alulation
In this appendix we give the 1-loop alulation of the 10 diagrams shown in Fig. 4.1. The
alulation was done in the t'Hooft Feynman gauge.
In the t'Hooft Feynman gauge the vetor bosons propagators redue to their simplest form:
∆ = igµν [p2 −m2 + iǫ]−1, and the Goldstone bosons mass is set equal to the respetive gauge
bosons: mG+ = mW+ , mG0 = mZ . The t'Hooft Feynman gauge was hosen beause the
alulation of eah diagram is simpler.
denitions:
Mn  the amplitude orresponding to diagram n
h  the external neutral salar
i  (= t) when used as index, the inoming fermion - the top
j  (= c) when used as index, the outgoing fermion - the harm
α, β  when used as indies, internal bosons (vetors or salars) in the loop
l, k, q  when used as indies, internal fermions
L,R  the Left,Right projetion operators
u¯j  (= u¯(Pj) ) the outgoing spinor of the harm
ui  (= u(Pi) ) the inoming spinor of the top
B0, B1, C0, Cij  the n-point integral funtions, dened in App. D
Aδab, B
δ
ab  the left,right -handed parts of the fermion-fermion-salar vertex
aδab, b
δ
ab  the left,right -handed parts of the fermion-fermion-vetor vertex, for both harged and
neutral gauge bosons
g3h,vhh,vvhabc  the vertex of 3-salars, vetor-salar-salar, vetor-vetor-salar, respetively
gµν  the metri, gµν = diag(1,−1,−1,−1)
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M1 =
iu¯j
16π2
−1
m2i −m2l
[
mlmkB0
(
Bh∗lj A
α
lkB
α∗
ik L+ A
h∗
lj B
α
lkA
α∗
ik R
)
+
−mlmiB1
(
Bh∗lj A
α
lkA
α∗
ik L+ A
h∗
lj B
α
lkB
α∗
ik R
)
+mimkB0
(
Bh∗lj B
α
lkA
α∗
ik L+ A
h∗
lj A
α
lkB
α∗
ik R
)
+
−m2iB1
(
Bh∗lj B
α
lkB
α∗
ik L+ A
h∗
lj A
α
lkA
α∗
ik R
)]
ui, (C.1)
where B = B (m2k, m
2
α, m
2
i ) .
M2 =
iu¯j
16π2
−1
m2j −m2l
[
mlmkB0
(
AαjkB
α∗
lk B
h∗
il L+B
α
jkA
α∗
lk A
h∗
il R
)
+
+mkmjB0
(
BαjkA
α∗
lk B
h∗
il L+ A
α
jkB
α∗
lk A
h∗
il R
)−mjmlB1 (BαjkBα∗lk Bh∗il L+ AαjkAα∗lk Ah∗il R)+
−m2jB1
(
AαjkA
α∗
lk B
h∗
il L+B
α
jkB
α∗
lk A
h∗
il R
)]
ui, (C.2)
where B = B
(
m2k, m
2
α, m
2
j
)
.
M3 =
iu¯j
16π2
1
m2i −m2l
[
4mlmkB0
(
Bh∗lj b
α
lka
α∗
ik L+ A
h∗
lj a
α
lkb
α∗
ik R
)
+
+ 2mlmiB1
(
Bh∗lj b
α
lkb
α∗
ik L+ A
h∗
lj a
α
lka
α∗
ik R
)
+ 4mimkB0
(
Bh∗lj a
α
lkb
α∗
ik L+ A
h∗
lj b
α
lka
α∗
ik R
)
+
+2m2iB1
(
Bh∗lj a
α
lka
α∗
ik L+ A
h∗
lj b
α
lkb
α∗
ik R
)]
ui, (C.3)
where B = B (m2k, m
2
α, m
2
i ) .
M4 =
iu¯j
16π2
1
m2j −m2l
[
4mlmkB0
(
bαjka
α∗
lk B
h∗
il L+ a
α
jkb
α∗
lk A
h∗
il R
)
+
+ 4mkmjB0
(
aαjkb
α∗
lk B
h∗
il L+ b
α
jka
α∗
lk A
h∗
il R
)
+ 2mjmlB1
(
aαjka
α∗
lk B
h∗
il L+ b
α
jkb
α∗
lk A
h∗
il R
)
+
+2m2jB1
(
bαjkb
α∗
lk B
h∗
il L+ a
α
jka
α∗
lk A
h∗
il R
)]
ui, (C.4)
where B = B
(
m2k, m
2
α, m
2
j
)
.
M5 =
−iu¯j
16π2
(
AαjqL+B
α
jqR
){[
C˜0 +m
2
iC11 +
(
m2h −m2i
)
C12
] (
AαjqA
h∗
kqB
α∗
ik L+B
α
jqB
h∗
kqA
α∗
ik R
)
+
−mqmiC11
(
AαjqB
h∗
kqA
α∗
ik L+B
α
jqA
h∗
kqB
α∗
ik R
)
+mqmjC12
(
BαjqA
h∗
kqB
α∗
ik L+ A
α
jqB
h∗
kqA
α∗
ik R
)
+
+mimj (C12 − C11)
(
BαjqB
h∗
kqA
α∗
ik L+ A
α
jqA
h∗
kqB
α∗
ik R
)
+mqmkC0
(
AαjqB
h∗
kqB
α∗
ik L+B
α
jqA
h∗
kqA
α∗
ik R
)
+
−mimk (C11 + C0)
(
AαjqA
h∗
kqA
α∗
ik L+B
α
jqB
h∗
kqB
α∗
ik R
)
+
+mjmk (C12 + C0)
(
BαjqB
h∗
kqB
α∗
ik L+ A
α
jqA
h∗
kqA
α∗
ik R
)}
ui, (C.5)
where C = C
(
m2k, m
2
α, m
2
q , m
2
i , m
2
j , m
2
h
)
.
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M6 =
iu¯j
16π2
{[
4C˜0 + 2
(
m2i −m2j +m2h
)
C11 + 2
(−m2i +m2j +m2h)C12] (bαjqBh∗kqaα∗ik L+ aαjqAh∗kqbα∗ik R)+
+ 2mqmiC11
(
bαjqA
h∗
kqb
α∗
ik L+ a
α
jqB
h∗
kq a
α∗
ik R
)− 2mqmjC12 (aαjqBh∗kq aα∗ik L+ bαjqAh∗kqbα∗ik R)+
+ 4mqmkC0
(
bαjqA
h∗
kqa
α∗
ik L+ a
α
jqB
h∗
kq b
α∗
ik R
)
+ 2mimk (C11 + C0)
(
bαjqB
h∗
kq b
α∗
ik L+ a
α
jqA
h∗
kqa
α∗
ik R
)
+
−2mjmk (C12 + C0)
(
aαjqA
h∗
kqa
α∗
ik L+ b
α
jqB
h∗
kq b
α∗
ik R
)}
ui, (C.6)
where C = C
(
m2k, m
2
α, m
2
q , m
2
i , m
2
j , m
2
h
)
.
M7 =
−iu¯j
16π2
g3hαβh
[
mkC0
(
AβjkB
α∗
ik L+B
β
jkA
α∗
ik R
)
−mjC12
(
BβjkB
α∗
ik L+ A
β
jkA
α∗
ik R
)
+
+mi (−C11 + C12)
(
AβjkA
α∗
ik L+B
β
jkB
α∗
ik R
)]
ui, (C.7)
where C = C
(
m2k, m
2
α, m
2
β, m
2
i , m
2
h, m
2
j
)
.
M8 =
−iu¯j
16π2
gvvhαβh
[
4mkC0
(
bβjka
α∗
ik L+ a
β
jkb
α∗
ik R
)
+ 2mi (C11 − C12)
(
bβjkb
α∗
ik L+ a
β
jka
α∗
ik R
)
+
+2mjC12
(
aβjka
α∗
ik L+ b
β
jkb
α∗
ik R
)]
ui, (C.8)
where C = C
(
m2k, m
2
α, m
2
β, m
2
i , m
2
h, m
2
j
)
.
M9 =
iu¯j
16π2
gvhhβαh
[(
C˜0 + 2m
2
iC11 +m
2
jC12 − 2m2hC12
)(
bβjkB
α∗
ik L+ a
β
jkA
α∗
ik R
)
+
−mimj (C12 + C11)
(
aβjkA
α∗
ik L+ b
β
jkB
α∗
ik R
)
+mjmk (C0 − C12)
(
aβjkB
α∗
ik L+ b
β
jkA
α∗
ik R
)
+
+mimk (C12 − C11 − 2C0)
(
bβjkA
α∗
ik L+ a
β
jkB
α∗
ik R
)]
ui, (C.9)
where C = C
(
m2k, m
2
α, m
2
β, m
2
i , m
2
h, m
2
j
)
.
M10 =
iu¯j
16π2
gvhhαβh
[(
−C˜0 +m2i (C12 − C11)− 2m2jC11 − 2m2h (C12 − C11)
)(
Aβjka
α∗
ik L+ B
β
jkb
α∗
ik R
)
+
+mimj (2C11 − C12)
(
Bβjkb
α∗
ik L+ A
β
jka
α∗
ik R
)
+mjmk (C12 + 2C0)
(
Bβjka
α∗
ik L+ A
β
jkb
α∗
ik R
)
+
+mimk (C11 − C12 − C0)
(
Aβjkb
α∗
ik L+B
β
jka
α∗
ik R
)]
ui, (C.10)
where C = C
(
m2k, m
2
α, m
2
β, m
2
i , m
2
h, m
2
j
)
.
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Appendix D
Denition of the n-point integral funtions
We present here the denitions for 1-loop salar, vetor and tensor integrals:
B0;Bµ
(
m21, m
2
2, p
2
)
=
∫
d4k
iπ2
1; kµ
[k2 −m21]
[
(k + p)2 −m22
] , (D.1)
C0;Cµ;Cµν ; C˜0
(
m21, m
2
2, m
2
3, p
2
1, p
2
2
)
=
∫
d4k
iπ2
1; kµ; kµν ; k
2
[k2 −m21]
[
(k + p1)
2 −m22
] [
(k + p1 + p2)
2 −m23
] ,
(D.2)
Bµ = pµB1,
Cµ = p1µC11 + p2µC12,
Cµν = p1µp1νC21 + p2µp2νC22 + {p1p2}µνC23 + gµνC24, (D.3)
where {ab}µν ≡ aµbν + aνbµ.
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Appendix E
Higgs width alulation
In this setion we give the formulae that we used in alulating the Higgs width. The main
ontributions to the total width Γtot are:
Γtot = Γh→q¯q + Γh→V V + Γh→HiHj + Γh→V H . (E.1)
Only leading order values were used. The deay produts are all taken to be on-shell, and their
seondary deay produts are not taken into aount. Eah ontribution of h → x + y was
alulated above the threshold: mh > mx +my. The verties are dened here as in Fig. B.1.
The leading order value of h→ q¯q is [5℄:
Γ (h→ q¯q) = NcA
2
hqq
8π
mh
(
1− 4m
2
q
m2h
) 3
2
, (E.2)
where Ahqq = − gmq2mW cosαcos β ;
gmq
2mW
sinα
cos β
is the quarks oupling to H0; h0, respetively, and Nc = 3 is
the olor fator, as mentioned above. We also give expliitly the width for the proess h0 → b¯b
in the T2HDM for α = β:
Γ
(
h0 → b¯b) = 3g2m2b
32πm2W
mh0 tan
2 β
(
1− 4m
2
b
m2
h0
) 3
2
. (E.3)
The leading order value of h→ W+W− is [5℄:
Γ
(
h→W+W−) = g2hWWm3h
64πm4W
(1− x) 12
(
1− x+ 3
4
x2
)
, (E.4)
where ghWW =gmW cos (β − α); gmW sin (β − α) is theW+W− oupling toH0; h0, respetively,
and x =
4m2W
m2
h
.
The leading order value of h→ Z0Z0 is [5℄:
Γ
(
h→ Z0Z0) = g2hZZm3h cos4 θW
32πm4W
(1− x) 12
(
1− x+ 3
4
x2
)
, (E.5)
where ghZZ =
gmZ
cos θW
cos (β − α); gmZ
cos θW
sin (β − α) is the Z0Z0 oupling to H0; h0, respetively,
and x =
4m2
Z
m2
h
.
Sine the ouplings W+W−h0 and Z0Z0h0 are both ∝ sin (β − α) (as we have shown in table
B.2), then by hoosing α = β, the widths of the proesses h0 → W+W− and h0 → Z0Z0 are
both redued to zero.
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Figure E.1: The total width of the SM Higgs: leading order approximation ompared to or-
reted width of [16℄.
The leading order value of h→ HiHj (where Hi and Hj are any two salars) is:
Γ (h→ HiHj) =
g2hHiHj
16πmh
λ
1
2
(
1,
m2Hi
m2h
,
m2Hj
m2h
)
, (E.6)
where ghHiHj is the triple Higgs oupling hHiHj.
The leading order value of h→ V H (where V H = W+H− or Z0 + neutral salar) is:
Γ (h→ V H) = g
2
V Hhm
2
V
16πmh
λ
1
2
(
1,
m2V
m2h
,
m2H
m2h
)
λ
(
1,
m2h
m2V
,
m2H
m2V
)
, (E.7)
where ghV H is the vetor-salar-salar oupling V Hh. This ontribution an be important, as
stated in Se. 4.4.
In order to demonstrate the error introdued by inluding only leading terms in the Higgs width
alulation, we give in Fig. E.1 the total SM Higgs width as alulated in this work ompared
to the width of [16℄ whih inludes higher-order orretions.
As an be seen, below the WW threshold (at about 160 GeV) the values are dierent. In this
mass range bb¯ deay dominates, and orretions have a large impat. However, this mass range
is also below the h→ t¯c threshold. On the other hand, above the WW threshold the values are
very similar, and orretions have a small impat, and so the use of leading order approximation
an be justied.
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Appendix F
Canellation of divergenes in the 1-loop
amplitude
Some of the 1-loop Feynman diagrams have a divergent part. These divergent parts anel,
sine this is a leading-order alulation and, therefore, there is no renormalization.
This anellation is also important as a means of heking the self onsisteny of the alulation.
We dene ε = 4 − d, where d → 4 is the number of dimensions. As ε → 0, some n-point
integrals will have a term proportional to
1
ε
. These are summarized below:
B0 ∼ −21
ε
, C24 ∼ −1
2
1
ε
,
B1 ∼ 11
ε
, C˜0 ∼ −21
ε
. (F.1)
The parts of the Feynman diagrams proportional to
1
ε
were olleted below. Only the parts of
the diagrams with a left projetion operator are given, while the right-handed parts are subjet
to a similar anellation. The Feynman diagrams were shown in Fig. 4.1.
M∞l=j1L =
−1
m2i −m2l
[
−2mk
(
mlB
H0∗
lj A
α
lkB
α∗
ik +miB
H0∗
lj B
α
lkA
α∗
ik
)
−
−mi
(
mlB
H0∗
lj A
α
lkA
α∗
ik +miB
H0∗
lj B
α
lkB
α∗
ik
)]
,
M∞l=i2L =
−1
m2j −m2l
[
−2mk
(
mlA
α
jkB
α∗
lk B
H0∗
il +mjB
α
jkA
α∗
lk B
H0∗
il
)
−
−mj
(
mlB
α
jkB
α∗
lk B
H0∗
il +mjA
α
jkA
α∗
lk B
H0∗
il
)]
,
M∞l=j3L =
1
m2i −m2l
[
−8mk
(
mlB
H0∗
lj b
α
lka
α∗
ik +miB
H0∗
lj a
α
lkb
α∗
ik
)
−
− 2mi
(
mlB
H0∗
lj b
α
lkb
α∗
ik +miB
H0∗
lj a
α
lka
α∗
ik
)]
,
M∞l=i4L =
1
m2j −m2l
[
−8mk
(
mlb
α
jka
α∗
lk B
H0∗
il +mja
α
jkb
α∗
lk B
H0∗
il
)
−
− 2mj
(
mla
α
jka
α∗
lk B
H0∗
il +mjb
α
jkb
α∗
lk B
H0∗
il
)]
,
41
M∞q=k5L = 2A
α
jqA
H0∗
kq B
α∗
ik ,
M∞q=k6L = −8bαjqBH
0∗
kq a
α∗
ik ,
M∞7L = 0,
M∞8L = 0,
M∞9L = −2gvhhβαH0bβjkBα∗ik ,
M∞10L = 2g
vhh
αβH0A
β
jka
α∗
ik . (F.2)
After inserting the Feynman rules of the T2HDM, we were able to show that the terms pro-
portional to
1
ε
anel as shown below:
M∞1 +M
∞
2 +M
∞
5 = 0,
M∞3 +M
∞
4 = 0,
M∞6 = 0,
M∞7 = 0,
M∞8 = 0,
M∞9 = 0,
M∞10 = 0. (F.3)
This anellation was also veried numerially in the FORTRAN ode.
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